I[ntroduction]{.smallcaps} {#sec1-1}
==========================

One of the factors that have contributed to the increase of survival rates in very-low weight neonates is the improvement of mechanical ventilation systems.\[[@ref1]\] The use of noninvasive ventilation systems − which include, among others, the administration of continuous positive airway pressure via nasal interface (nCPAP) − has been associated with lower reintubation rates and a lower incidence of bronchopulmonary dysplasia, as compared to invasive mechanical ventilation. The drawbacks of using nasal continuous positive airway pressure (CPAP) interfaces in neonates have been overcome with the use of cephalic interfaces (helmet).\[[@ref2][@ref3]\] However, tolerability improves, CPAP interruptions decrease, and skin lesions and air leaks through the mouth are prevented with helmet CPAP interfaces.

One of the problems associated with the use of nasal CPAP interfaces is the noise generated by this type of ventilation systems.\[[@ref4][@ref5]\] There is evidence that sound pressure levels are higher for helmets, as compared to facial masks\[[@ref6]\] or prongs.\[[@ref7]\]

Conversely, neonatal exposure to high sound pressure levels has been proven to have a negative impact in the short- and the long-term (cardiovascular, respiratory, and neurological alterations).\[[@ref8][@ref9][@ref10][@ref11]\] Therefore, the American Academy of Pediatrics has established that sound pressure levels in neonatal intensive care units (NICUs) should not exceed 45 dBA.\[[@ref12]\] Yet, a mean exposure of 49 ± 1.4 dB(A) has been reported.\[[@ref13]\]

A variety of measures have been proposed to reduce the negative impact that noise exposure has on NICU patients.\[[@ref14]\] It has been demonstrated that when noise reduction measures are implemented, very-low weight neonates improve their weight gain.\[[@ref8]\] It has been suggested that their neurological development might improve too.\[[@ref15]\]

One of the aspects to consider when using a helmet is CO~2~ rebreathing. To overcome this complication, using different gas flow rates has been proposed.\[[@ref16]\]

Our aim was to assess the effect that different gas flow rates and the use of a filter have on the sound pressure levels to which neonates are exposed when receiving ventilation support via two different helmet CPAP systems.
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Two neonatal helmet CPAP delivery systems were compared: Starmed Castar (Mirandola, Italy) and Dimar (Mirandola, Italy). To measure sound pressure levels, the two helmet CPAP device models were sequentially placed in a dummy head (Types 4100 de Brüel & Kjær). Sound pressure levels were measured using a sound calibrator (Model 4231 de Brüel) to check the measuring chain at the beginning and at the end of each measurement, a pulse analyzer model 3560C ("Brüel & Kjær") with microphones installed in the inner ears of the dummy, and another microphone to measure background noise. A VelociCalc plus (TSI) was used to measure background noise.\[[@ref17]\] This way, loud external noises such as alarms or other common noises at a NICU were excluded from analysis. The dummy head with the helmet was placed in the center of a switched-off incubator with the doors closed (Caleo, Drager Medical AG & Co., Moislinger Allee, Lubek, Germany). Non-humidified cold air was used to avoid the additional noise generated by condensation drops in the tubing system.

Following pretest, the equipment was set at a dynamic range of 0--140 dB and a bandwidth of 20 Hz--20 kHz for A-weighting and "linear" frequency weighting. Since the human ear does not perceive all frequencies equally and it is much more sensitive to frequencies within the 1--4 kHz range, and high-frequency sounds are prevalent at NICUs (monitor alarms),\[[@ref18]\] sound pressure levels were measured in third-octave bands.

Sound pressure levels were measured in one-third octave bands using A-weighting, which splits the spectrum of frequencies into narrow bands that are differently weighted according to the sensitivity of the human ear to the particular frequency. In an A-weighted scale, the low frequencies were attenuated, just as in the human auditory system.

Sound measurements were taken at different gas flow rates: 20, 30, and 40 l/min (Clear Therm-Micro modelo 1441, Tyco, Mirandola, Italy) with and without a heat moisture exchange (HMEF) placed at the junction of the inspiratory branch of the respiratory circuit with the helmet. The flow generator used was a Dräger CF800 O2/Air Mixer (Malmesbury, Wiltshire, UK) device. All experimental series were repeated five times. During the study, sound pressure levels remained constant within the helmet in all conditions at 5 cm H~2~O. The level of CPAP was maintained at 5 cm H~2~O by an exhalation valve system (SPV 20 Starmed Spa, Mirandola, Modena, Italy). Room conditions were as follows: mean room temperature: 22.1 ± 1°C, and relative humidity was concentrated within the 52.9 ± 5% range.

The study was approved by the Ethical Committee of our institution (Hospital Puerta del Mar Investigation Subcommittee) following international ethic recommendations (Helsinki Declaration) and based on current Spanish legislation (Oviedo Apostille Convention).

Data were expressed as medians \[interquartile range (IQR)\]. As normal distribution was not appropriate in our samples, sound pressure levels at different gas flow rates in the two groups were compared using the non-parametrical test Kruskal--Wallis and the Wilcoxon test with Bonferroni correction. Matched samples were compared using the Wilcoxon test.
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A total of 4968 sound level measurements − with a duration of 5 s each − were obtained, 216 of which were background sounds.

[Figure 1](#F1){ref-type="fig"} displays sound pressure levels registered at flow rates of 20, 30, and 40 l/min without filter for StarMed helmet. Sound pressure levels were 38% higher at a gas flow of 40 l/min, as compared to a gas flow of 20 l/min \[52 dBA (IQR 5,9) vs 74 dBA (IQR 2,2), respectively\]. These results were similar when we tested the Dimar helmet.

![Sound pressure levels. The levels are registered at flow rates of 20, 30, and 40 l/min without filter STARMED helmet](NH-19-20-g001){#F1}

The diffuser filter was found to attenuate sound pressure at a gas flow rate of 20 l/min in both helmet models. However, when the flow rate was set at 40 l/min, the diffuser filter increased sound pressure levels rather than attenuating it. When the flow rate was set at an intermediate value of 30 l/min, opposite results were obtained. Thus, the filter amplified noise in the ear closest to the air entry, while it attenuated noise in the opposite ear \[[Figure 2](#F2){ref-type="fig"}\].

![Sound pressure levels. The levels are registered at flow rates of 20, 30, and 40 l/min with filter STARMED helmet](NH-19-20-g002){#F2}

Regardless of the gas flow rate, the noise generated by the neonatal helmet CPAP devices and HMEF filters exceeded 45 dB.

At 30 and 40 l/min flow rates, sound levels exceeded the 40 phons isophonic curve in most of the spectrum.
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Our results show that using the breathing filter as a diffuser has a variety of effects on sound pressure levels according to the gas flow rate. While they attenuate sound pressure, the noise, with gas flow rate of 20 l/min, when used with gas flow rates over 30 l/min, has shown an amplification effect.

At 24--28 weeks of gestation, the auditory system is developed enough to perceive sounds that change the neonatal heart rate. In preterm infants, the protection provided by the amniotic fluid against noise disappears.\[[@ref19]\] Overexposure to noise may have deleterious effects on the neurological development of the neonate;\[[@ref11]\] therefore, unnecessary neonatal exposure to noise should be avoided at NICUs.

Sound pressure levels are high at NICUs,\[[@ref20]\] and the noise generated by ventilation devices used by many neonates contributes to such high levels. According to Karam *et al.*, the use of different CPAP devices with different types of prongs in preterm infants generates sound levels of \>45 dBA. In addition, the sound levels generated by the different nCPAP devices are not generally related to the device model or the pressure produced.\[[@ref4]\] Studies comparing sound pressure levels generated by different nCPAP interfaces concluded that helmets generated higher sound levels, as compared to face masks\[[@ref6]\] or prongs.\[[@ref7]\] The results obtained in our study show that the sound pressure levels generated by the DimAir and the StarMed helmet model at 20 l/min without a diffuser were 65.13 ± 1.15 and 61.40 ± 1.40 dBA, respectively. These sound pressure levels are significantly lower than those reported by other authors, ranging between 81 (77--94)\[[@ref21]\] and 94.4 ± 1.6 dBA.\[[@ref6]\] Differences might be explained by the helmet design used in each study.

A concern associated with the use of helmets as a CPAP interface is the increase of CO~2~ inspired during rebreathing, although this possibility decreases when the gas flow increases.\[[@ref22]\] To avoid rebreathing, flows of 40,\[[@ref2][@ref16]\] \>30,\[[@ref23]\] or 25 l/min\[[@ref21]\] have been recommended, although some authors consider that a flow of 8--10 l/min is enough for neonates.\[[@ref3]\]

It is known that the noise generated by high flow nasal cannula (HFNC)\[[@ref24]\] and nCPAP\[[@ref4]\] rises with the increase of the gas flow. This direct relationship between gas flow rate and sound pressure level has also been observed for helmets.\[[@ref6]\] The results obtained in our study also demonstrate that there is a relationship between sound pressure levels and gas flow rate. Thus, when the gas flow was raised from 20 to 40 l/min, sound pressure levels increased from 52 to 74 dBA. Other studies have also observed this relationship, reporting that when sound pressure levels were increased from 8 to 12 l/min, sound levels rose from 70 dBA (IQR 69.9--70.4) to 73.5 dBA (IQR 73.3--73.8).\[[@ref7]\] These sound pressure levels are slightly higher than those registered in our study, even though we used lower flow rates. This might be due to the use of different helmet models − which have a different volume and are made of different materials − and to the use of a dummy head instead of a real human head.

Contradictory results have been obtained on the efficacy of using a filter to reduce the noise generated by the use of helmets. On the one hand, Trevisanuto *et al.* \[[@ref7]\] observed that the use of HMEF placed between the inspiratory circuit and the helmet reduced the intensity of the noise generated at different gas flow rates. On the other hand, other authors\[[@ref25]\] have not found any relationship between the use of HMEF and sound pressure levels; nevertheless, it is worthy of note that the gas flow was administered through a mask instead of a high flow device, and the microphone was placed in the ear closest to the air entry of the helmet. Regarding our study, we found that the effect of filters placed at the junction of the inspiratory branch with the helmet on sound pressure levels depends on the gas flow rate. The diffuser filter was observed to attenuate sound pressure at a gas flow rate of 20 l/min in both helmet models. However, when the flow rate was set at 40 l/min, the diffuser filter increased sound pressure rather than attenuating it. At an intermediate gas flow rate of 30 l/min, opposite results were obtained for each ear.

The results obtained in our study suggest that even using a filter, sound pressure levels exceed the recommended threshold (45 dBA),\[[@ref12]\] regardless of the gas flow rate. At 30 and 40 l/min flow rates, sound levels exceeded the 40 phons isophonic curve in most of the spectrum. Thus, 40 phons is the threshold for healthy individuals; when sound levels exceed this limit, they cause pain, especially when their duration is long. However, this threshold might be different for neonates. This finding is consistent with the results obtained by Cavaliere *et al.*,\[[@ref6]\] who reported that sound levels increased with the use of the helmet. Conversely, another study on infants\[[@ref26]\] found that no additional discomfort (measured using the COMFORT scale) was caused by the use of helmets, which generate a 51--75 dBA sound pressure level. However, this study was performed only on 27 neonates, interobserver reliability in the use of the COMFORT scale was not assessed, and a potential relationship between the score on the COMFORT scale with sound pressure levels was not assessed.

A limitation to this study is that it is an *in vitro* study. Thus, we measured sound intensity within the helmet, but not the intensity as perceived in the inner ear, and we are aware that bone conduction reduces the sound intensity perceived in the inner ear.\[[@ref5]\] In addition, although two different helmet models were used in this study (StarMed and DimAir), we do not know whether the results obtained can be projected to devices made of other materials and of different sizes.

In conclusion, we observed that sound pressure levels during the administration of helmet CPAP exceed the limits currently recommended (45 dBA). In addition, we found that sound pressure levels are related to the type of helmet, the gas flow rate, and the use or not of a diffuser at the junction of the inspiratory branch of the helmet. When administering helmet CPAP to neonates, a gas flow rate as low as possible should be administered and diffuser filters should be used only with flow rates lower than 30 l/min.
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